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Introduction 

Wide-scale  genetic  testing  requires  the  development  of  fast,  simple,  miniaturized 
and  inexpensive  analytical  devices.  Traditional  methods  for  detecting  DNA  hybridization  are 
too  slow  and  labor  intensive.  Biosensors  offer  a  promising  alternative  for  faster,  simpler,  and 
cheaper  DNA  assays.  Hybridization  biosensors  commonly  rely  on  the  immobilization  of  a 
single-stranded  (ss)  oligonucleotide  probe  onto  a  transducer  surface  to  recognize  -  by 
hybridization  -  its  complimentary  target  sequence. 

Electrochemical  devices  have  received  considerable  attention  in  the  development  of 
sequence-specific  DNA  hybridization  biosensors.  Such  devices  rely  on  the  conversion  of  the 
DNA  base-pair  recognition  event  into  a  useful  electrical  signal.  The  high  sensitivity  of  such 
devices,  coupled  to  their  compatibility  with  modem  microfabrication  technologies, 
portability,  minimal  power  requirements,  low  cost  (disposability),  and  independence  of 
optical  pathway  or  sample  turbidity,  make  them  excellent  candidates  for  decentralized  DNA 
testing.  Direct  electrical  reading  of  DNA  hybridization  thus  offers  great  promise  for 
developing  simple,  rapid,  and  easy-to-use,  cost-effective  DNA  sensing  devices  (in  a  manner 
analogous  to  pocket-size  blood-glucose  meters). 

The  objective  of  this  research  is  to  develop  and  characterize  a  miniaturized  biosensing 
system  for  decentralized  genetic  screening  of  breast-cancer.  The  realization  of  rapid  point-of- 
care  DNA  testing  requires  proper  attention  to  major  challenges  of  high  sensitivity  and 
selectivity,  multi-target  detection,  and  integration  of  the  sample  preparation  with  the  actual 
DNA  detection  on  a  single  microchip  flow  platform.  Such  challenges  are  being  met  by 
designing  innovative  biosensor  strategies  that  would  allow  testing  for  breast  cancer  to  be 
performed  more  rapidly,  inexpensively,  and  reliably  in  a  decentralized  setting. 


Body:  Progress  Report 

This  report  summarizes  our  activity  over  the  third  year  of  the  project  (i.e.,  the  7/02-6/03 
period).  In  accordance  to  our  original  objectives  our  research  focused  on  various  fundamental 
and  practical  aspects  of  electrical  detection  of  DNA  segments  specific  to  the  breast-cancer 
gene  BRCA1.  As  described  in  this  section,  we  have  made  a  substantial  progress,  and 
introduced  innovative  nanoparticle-based  electrochemical  routes  for  improving  the  reliability 
of  devices  for  genetic  screening  of  breast-cancer  (based  on  new  label-free  and  particle-based 
amplification  schemes).  This  11-mos  activity  has  already  resulted  in  5  research  papers 
(published  or  in  press  in  major  journals;  see  attached  list)  and  several  invited  presentations  in 
major  meetings.  (Several  more  publications  are  expected  in  the  late  part  of  2003.)  Such 
findings  pave  the  way  to  major  improvements  in  electrical  detection  of  DNA  and  offer 
innovative  routes  for  simple,  rapid,  and  user-friendly  devices  for  breast-cancer  screening. 

Signal  Amplification  for  Detecting  Low  Target  Concentrations.  We  examined 
several  amplification  processes  for  enhancing  the  sensitivity  of  our  particle-based  electrical 
DNA  assays,  including  catalytic  enlargement  of  the  metal  tracer,  and  use  of  polymeric 
microbeads  carrying  multiple  redox  tracers  externally  (on  their  surface)  or  internally  (via 
encapsulation).  Combined  with  additional  amplification  units  and  processes,  such  bead- 


based  multi-amplification  protocols  meet  the  high  sensitivity  demands  of  electrochemical 
DNA  breast-cancer  biosensors. 

We  have  demonstrated  a  triple-amplification  bioassay,  coupling  the  carrier-sphere 
amplifying  units  (loaded  with  numerous  gold  nanoparticles  tags)  with  the  ‘built-in’ 
preconcentration  of  the  electrochemical  stripping  detection  and  catalytic  enlargement  of  the 
multiple  gold-particle  tags  (1).  The  gold-tagged  beads  were  prepared  by  binding 
biotinylated  metal  nanoparticles  to  streptavidin-coated  polystyrene  spheres.  Such  triple¬ 
amplification  route  offered  a  dramatic  enhancement  of  the  sensitivity,  to  allow  detection  of 
DNA  targets  down  to  the  300amol  level.  Factors  affecting  the  performance  have  been 
optimized.  Such  amplified  electrical  transduction  offers  great  promise  for  ultrasensitive 
detection  of  other  biorecogntion  events.  An  analogous  amplification  route,  involving 
polymeric  carrier  spheres  loaded  with  numerous  CdS  nanoparticles  tags,  is  currently  being 
examined  in  connection  to  the  detection  of  cadmium. 

Internal  encapsulation  electroactive  tags  within  carrier  beads  offers  another  an 
attractive  alternative  to  their  external  loading.  For  example,  we  developed  an  ultrasensitive 
electrical  DNA  detection  based  on  polystyrene  beads  impregnated  with  a  redox  marker  (2). 
The  resulting  ‘electroactive  beads’  are  capable  of  carrying  a  huge  number  of  the 
ferrocenecarboxaldehyde  marker  molecules  and  hence  offer  a  remarkable  amplification  of 
single  hybridization  events.  This  allowed  chronopotentiometric  detection  of  target  DNA 
down  to  the  5. lxl O'21  mol  level  (-31,000  molecules)  in  connection  to  20  min  hybridization 
and  ‘release’  of  the  marker  in  an  organic  medium.  The  dramatic  signal  amplification 
advantage  is  combined  with  a  remarkable  discrimination  against  a  huge  excess  (10  )  of  non¬ 
complementary  nucleic  acids. 

We  also  designed  an  electrochemical  protocol  for  detecting  DNA  hybridization 
based  on  preparing  the  metal  marker  along  the  DNA  backbone  (instead  of  capturing  it  at  the 
end  of  the  duplex)  (3).  The  new  protocol  relies  on  DNA-template  induced  generation  of 
conducting  nanowires  as  a  mode  of  capturing  the  metal  tag.  The  use  of  DNA  as  a 
metallization  template  has  evoked  substantial  research  activity  directed  to  the  generation  of 
conductive  nanowires  and  the  construction  of  functional  circuits.  Yet,  the  DNA-templated 
assembly  of  metal  wires  has  not  been  exploited  for  detecting  DNA  hybridization.  The  new 
detection  scheme  consists  of  the  vectorial  electrostatic  ‘collection’  of  silver  ions  along  the 
captured  DNA  target,  followed  by  hydroquinone-catalyzed  reductive  formation  of  silver 
aggregates  along  the  DNA  skeleton  ,  along  with  dissolution  and  stripping  detection  of  the 
nanoscale  silver  cluster.  The  new  protocol  thus  combines  the  inherent  signal  amplification 
of  stripping  analysis  with  effective  discrimination  against  nonhybridized  DNA.  It  yielded  a 
low  detection  limit  of  around  lOOng/mL,  which  corresponds  to  5  ng  in  the  50  pL 
hybridization  solution.  We  have  demonstrated  for  the  first  time  the  use  of  binary  inorganic 
nanoparticles,  such  as  CdS  colloids,  for  electrochemical  monitoring  of  DNA  hybridization 
(4).  The  new  protocol  combines  the  amplification  features  of  nanoparticle/polynucleotides 
assemblies  and  highly  sensitive  stripping  potentiometric  detection  of  cadmium,  with  an 
effective  magnetic  isolation  of  the  duplex.  The  high  sensitivity  and  selectivity  make  this 
protocol  a  useful  addition  to  the  armory  of  nanoparticle-based  electrochemical  genetic 
testing  schemes.  Other  multi-amplification  assays  based  on  the  use  of  dendritic  highly- 


branched  (‘tree-like’)  structures,  bearing  multiple  metal  nanoparticle  tags  are  currently 
being  developed. 

Multi-Target  DN A  Detection :  We  designed  an  electrochemical  coding  technology  for 
the  simultaneous  detection  of  multiple  DNA  targets  based  on  nanocrystal  tags  with  diverse 
redox  potentials  (5).  Functionalizing  the  nanocrystal  tags  with  thiolated  oligonucleotide 
probes  thus  offered  a  voltammetric  signature  with  distinct  electrical  hybridization  signals  for 
the  corresponding  DNA  targets.  The  position  and  size  of  the  resulting  stripping  peaks 
provided  the  desired  identification  and  quantitative  information,  respectively,  on  a  given 
target  DNA.  The  multi-target  DNA  detection  capability  was  coupled  to  the  amplification 
feature  of  stripping  voltammetry  (to  yield  fmol  detection  limits)  and  with  an  efficient 
magnetic  removal  of  nonhybridized  nucleic  acids  to  offer  high  sensitivity  and  selectivity.  Up 
to  5-6  targets  can  thus  be  measured  simultaneously  in  a  single  run  in  connection  to  ZnS, 
PbS,  CdS,  InAs,  and  GaAs  semiconductor  particles.  Conducting  massively  parallel  assays  (in 
microwells  of  microtiter  plates  or  using  multi-channel  microchips,  with  each  microwell  or 
channel  carrying  out  multiple  measurements)  could  thus  lead  to  a  high-throughput  operation. 

We  demonstrated  also  a  dual  target  electrochemical  DNA  detection  based  on  the  use 
of  different  enzyme  tags  (6).  The  two  enzyme  tracers  selected  for  the  initial  demonstration  of 
the  dual-target  detection,  alkaline  phosphatase  (ALP)  and  (3-galactosidase  (GAL),  liberate  a 
wide  range  of  phenolic  products  with  different  redox  potentials.  The  dual  target  detection 
capability  has  been  coupled  with  high  sensitivity  and  effective  discrimination  against 
noncomplementary  nucleic  acids.  The  influence  of  relevant  experimental  variables  was 
examined  and  optimized. 


Key  Research  Accomplishments 

During  the  third  year  of  this  project  we  introduced  innovative  electrochemical  routes 
for  improving  the  reliability  of  devices  for  genetic  screening  of  breast-cancer.  In  particular, 
we  have  successfully  designed  new  amplification  protocol  for  enhancing  the  sensitivity  of 
electrical  devices  and  new  coding  protocols  for  simultaneous  detection  of  multiple  breast- 
cancer  related  sequences.  The  importance  of  these  new  bioassays  is  reflected  from  5 
publications  in  leading  international  journals.  Such  developments  (combined  with  our  early 
attention  to  the  issues  of  mismatch  discrimination  or  non-specific  adsorption)  should 
facilitate  the  realization  of  instant  point-of-care  breast-cancer  testing.  The  successful 
realization  of  such  testing  will  rely  (during  the  4th  no-cost  extension  year)  on  the 
transformation  of  the  new  label-free  and  particle-based  protocols  into  miniaturized  flow 
systems  (discussed  in  the  Conclusions  Section). 

Reportable  Outcomes 

Papers  submitted,  accepted  or  published: 

a.  “Electroactive  Beads  For  Ultrasensitive  DNA  Detection”,  J.  Wang,  R.  Polsky,  A. 

Merkoci,  and  K.  Turner,  Langmuir,  19(2003)989. 


b*.  “Electrochemical  Detection  of  DNA  Hybridization  based  on  DNA-Tempated  Assembly  of 

Silver  Cluster”,  J.  Wang,  O.  Rincon,  R.  Polsky,  and  E.  Dominquez,  Electrochem. 

Communications,  5(2003)83. 

c.  “Dual  Enzyme  Electrochemical  Coding  for  Detecting  DNA  Hybridization”,  J.  Wang,  A. 

Kawde,  M.  Musameh  and  G.  Rivas,  Analyst  127(2002)1279. 

d.  “Electrochemical  Stripping  Detection  of  DNA  Hybridization  based  on  CdS  Nanoparticle 

Tags”,  J.  Wang,  G.  Liu,  and  R.  Polsky,  Electrochemistry  Communications,  4(2002)819. 

e.  “Amplified  Electrical  Transduction  of  DNA  Hybridization  based  on  Polymeric  Beads  Loaded 

with  Multiple  Gold  Nanoparticle  tags”,  J.  Wang  and  A.  Kawde,  submitted  (to  Langmuir,  2003). 

Invited  Presentations: 

a.  “Particle-based  DNA  Assays”,  Pittsburgh  Conference  (March  2003). 

b.  “Particle-based  DNA  Assay”,  Sensors  03,  Paris  (June  2003). 

c.  “Particle-based  DNA  Assay”,  Bioelectrochemistry,  Florence  (June  2003). 

Conclusions 

Electrochemical  detection  of  DNA  hybridization  offers  great  promise  for 
developing  fast,  simple,  and  user-friendly  DNA  sensing  devices  for  point-of-care  breast- 
cancer  testing.  By  addressing  the  major  challenge  of  signal  amplification,  our  findings  this 
year  have  led  to  major  improvements  in  the  sensitivity  of  electrical  biosensing  of  DNA 
segments  specific  to  the  breast-cancer  gene  BRCA1.  We  also  introduced  novel  electrical 
coding  protocols  for  multi-target  DNA  detection.  These  new  advances  are  coupled  to  our 
early  schemes  for  minimizing  non-specific  adsorption  and  discriminating  against  non¬ 
complementary  sequences. 

The  realization  of  decentralized  DNA  testing  would  require  additional  developmental 
work.  Our  coming  efforts  (during  the  no-cost  extension  period)  will  thus  focus  on 
transforming  the  new  electrochemical  protocols  into  microfluidic  devices.  The  new 
microsystem  will  rely  on  the  use  of  magnetic  beads  not  only  for  removing  unwanted 
constituents,  but  also  for  localizing  different  probes  within  the  microchannels.  The  probe¬ 
bearing  beads  could  thus  be  reproducibly  introduced,  kept  in  place,  manipulated,  and 
removed/replaced  after  each  run  (in  connection  to  a  proper  placement  and  removal  of  a 
magnet).  Such  reversible  magnetic  localization  obviates  the  need  for  ‘fixing’  the  probe  onto 
the  chips,  regenerating  it,  and  for  fabricating  multiple  hybridization  sites  or  special  physical 
‘barriers’,  and  hence  would  greatly  simplify  the  fabrication  and  operational  requirements. 
The  new  microfluidic  system  will  thus  contain  multiple  functional  elements  and  related 
microchannel  network  for  integrating  various  sample-handling  processes,  including  sample 
collection,  DNA  extraction,  reagent  mixing  and  amplification,  with  the  actual  hybridization 
detection.  We  have  recently  assembled  a  microfabrication  laboratory  that  allows  us  to 


Aiicromachine  the  microfluidic  devices  essential  for  such  chip-based  high  throughput 
'automated  operation.  Preliminary  fabrication  of  low-cost  plastic  microchips  have  been  very 
successful.  The  coupling  of  these  chip  platforms  with  our  particle-based  DNA  assays  would 
accelerate  the  realization  of  wide-scale  breast-cancer  screening. 
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Enzyme-based  hybridization  assays  for  the  simultaneous 
electrochemical  measurements  of  two  DNA  targets  are 
described.  Two  encoding  enzymes,  alkaline  phosphatase  and 
P-galactosidase,  are  used  to  differentiate  the  signals  of  two 
DNA  targets  in  connection  to  chronopotentiometric  meas¬ 
urements  of  their  electroactive  phenol  and  a-naphthol 
products.  These  products  yield  well-defined  and  resolved 
peaks  at  +0.31  V  (a-naphthol)  and  +0.63  V  (phenol)  at  the 
graphite  working  electrode  (vs.  Ag/AgCI  reference).  The 
position  and  size  of  these  peaks  reflect  the  identity  and  level 
of  the  corresponding  target.  The  dual  target  detection 
capability  is  coupled  to  the  amplification  feature  of  enzyme 
tags  (to  yield  fmol  detection  limits)  and  with  an  efficient 
magnetic  removal  of  n on-hybridized  nucleic  acids.  Proper 
attention  is  given  to  the  choice  of  the  substrates  (for  attaining 
well  resolved  peaks),  to  the  activity  of  the  enzymes  (for 
obtaining  similar  sensitivities),  and  to  the  selection  of  the 
enzymes  (for  minimizing  cross  interferences).  The  new 
bioassay  is  illustrated  for  the  simultaneous  detection  of  two 
DNA  sequences  related  to  the  BCRA1  breast-cancer  gene  in 
a  single  sample  in  connection  to  magnetic  beads  bearing  the 
corresponding  oligonucleotide  probes.  Prospects  for  electro¬ 
chemical  coding  of  multiple  DNA  targets  are  discussed. 


demonstrated  for  single-target  DNA  detection,910  enzyme 
labels  hold  great  potential  for  electrical  detection  of  DNA 
hybridization,  since  their  biocatalytic  activity  provides  the 
amplification  essential  for  monitoring  low  target  levels.  Several 
enzyme  tags,  generating  electroactive  products  from  electro¬ 
inactive  substrates,  are  readily  adaptable  to  electrochemical 
bioassays. 11  -,2  In  designing  a  multi-target  electrical  detection 
based  on  multiple  enzyme  tracers,  it  is  essential  to  carefully 
consider  the  redox  potential  of  the  products  of  the  biocatalytic 
reactions  (and  hence  to  avoid  overlap  of  the  electrochemical 
signals).  Common  potential  windows  of  1.2-1 .4  V  can 
accommodate  5-6  resolved  peaks  for  multi-target  DNA  detec¬ 
tion.  The  two  enzyme  tracers  selected  for  the  initial  demonstra¬ 
tion  of  the  dual-target  detection,  alkaline  phosphatase  (ALP) 
and  (3-galactosidase  (GAL),  liberate  a  wide  range  of  phenolic 
products  with  different  redox  potentials.  The  resulting  electro¬ 
chemical  DNA  hybridization  sensing  system  couples  an 
efficient  magnetic  isolation  of  the  DNA  duplexes,  with  the 
amplification  provided  by  the  two  enzyme  tags,  and  chron¬ 
opotentiometric  detection  of  the  liberated  phenol  and  a- 
naphthol  products  (Fig.  1).  Such  characteristics  of  the  new  dual¬ 
enzyme  electrochemical  coding  protocol  are  reported  in  the 
following  sections. 


Introduction 


Experimental 


DNA  hybridization  assays  have  evolved  dramatically  during  the 
past  decade1*2  Considerable  recent  attention  has  been  given  to 
the  development  of  hybridization  assays  that  permit  simultane¬ 
ous  determination  of  two  or  more  DNA  targets  in  a  single 
sample.3"6  Multi-target  hybridization  assays,  in  which  several 
targets  are  measured  simultaneously  in  a  single  sample, 
represent  several  advantages  and  challenges.  Such  multiple 
sequence  detection  is  highly  desired,  since,  for  example,  a 
genetic  disease  can  be  caused  by  hundreds  of  different 
mutations.  Most  efforts  in  this  direction  have  been  devoted  to 
simultaneous  optical  detection  based  on  various  optical  coding 
avenues.3-7  Mirkin’s  group3  demonstrated  recently  that  scat¬ 
tered  light  from  different  sized  particle  tags  can  be  used  for 
optical  assays  of  multiple  targets.  Nie4  reported  on  a  multi-color 
coding  based  on  embedding  different  quantum  dots  into 
microbeads.  Keating  and  Natan5  recently  employed  bar-coded 
microcods  for  the  simultaneous  analysis  of  multiple  bio¬ 
analytes.  Walt’s  team6  described  a  fiber-optic  DNA  array  based 
on  different  optically  encoded  microspheres.  Unlike  the  con¬ 
siderable  activity  in  developing  optical  coding  for  bioanalysis, 
little  attention  has  been  given  to  analogous  electrochemical 
multi-tagging  schemes.7-8  It  is  thus  highly  desirable  to  develop 
new  electrochemical  coding  technologies  aimed  at  extending 
electrical  DNA  assays  to  the  simultaneous  analysis  of  multiple 
targets. 

Here  we  report  on  a  dual-enzyme  electrochemical  protocol 
for  the  simultaneous  measurements  of  two  DNA  targets.  As  was 


t  Permanent  address:  Departamento  de  Fisico  Quimica,  Universidad 
Nacional  de  Cordoba,  Cordoba,  Argentina. 


Apparatus 

Constant-current  chronopotentiometry  was  performed  with  the 
TraceLab  potentiometric  unit  (PSU20,  Radiometer).  Differ¬ 
ential  pulse  voltammetry  was  carried  out  with  an  EG&G  264 A 
voltammetric  Analyzer  connected  to  a  BAS  X-Y-t  recorder.  The 
preparation  of  the  functionalized  magnetic  beads,  the  hybrid¬ 
ization  events  and  the  biocatalytic  reactions  were  performed 


Fig.  1  Dual -enzyme  electrochemical  detection  of  two  DNA  targets.  Pj :  5'- 
Biotinylated  E908X-WT  oligomer  (Probe  1);  P2:  5'-biotinylated  1675  delA- 
WT  oligomer  (Probe  II);  Tj  and  T2:  DNA  breast  cancer  targets;  E,  and  E2, 
the  enzyme  tags  streptavidin-{3-ga!actosidase  (GAL)  and  streptavidin- 
alkaline  phosphatase  (ALP);  Sj  and  S2  are  the  substrates  (phenyl  |3-d- 
galactoside  and  a -naphthyl  phosphate)  and  PR)  and  PR2  are  the  products 
(phenol  and  a-naphthol)  of  the  corresponding  enzymatic  reactions. 
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using  a  MCB  1200  Biomagnetic  Processing  Platform  (Signs 
Research  Inc.,  Brea,  CA). 


Electrodes 

A  renewable  graphite-pencil  working  electrode,  similar  to  the 
one  described  earlier,13  was  used  for  detecting  the  enzymat¬ 
ically-liberated  products.  A  Pentel  pencil  (Model  AL25)  was 
used  for  holding  the  0.5  mm  HB  black  graphite  lead.  Electrical 
contact  was  achieved  by  soldering  a  copper  wire  to  the  metallic 
part  of  the  pencil  holder.  The  pencil  was  fixed  in  a  vertical 
position,  exposing  1 1  mm  of  the  lead  (with  10  mm  immersed  in 
the  solution).  A  platinum  wire  and  Ag/AgCl  served  as  the 
counter  and  reference  electrodes,  respectively. 


Materials  and  reagents 

All  stock  solutions  were  prepared  using  deionized  and  auto¬ 
claved  water.  Tween  20  was  purchased  from  Aldrich.  Tris-HCl 
buffer,  LiCl,  NaOH,  NaCl,  streptavidin-[3-galactosidase  (GAL; 
387  U  mg"*1),  streptavidin-alkaline  phosphatase  (ALP;  760  U 
mg-J),  a-naphthol,  a-naphthyl  phosphate,  phenol  and  phenyl 
P-D-galactoside  were  purchased  from  Sigma.  Proactive  strepta- 
vidin-coated  microspheres  (0.8  txm  diameter,  CMOIN-Cat 
4725)  were  purchased  from  Bangs  Laboratories  (Fishers,  IN). 
Oligonucleotides  with  5'-biotin  modification  were  received 
from  Life  Technologies  (Grand  Island,  NY).  The  corresponding 
sequences  of  the  oligonucleotides  are  as  follows; 

5'-BiotinyIated  Probe  I,  E908X-WT  (PI): 

5'-Biotin-GAT  TTT  CTT  CCT  TTT  GTT  C 
S'-Biotinylated  Target  I,  E908X-WT  (Tl): 

5'-Biotin-GAA  CAA  AAG  GAA  GAA  AAT  C 
S'-Biotinylated  Probe  II,  1675  delA-WT  (P2): 

5'-Biotin-TTT  CTT  GAT  AAA  ATC  CTC  A 
5'-Biotinylated  Target  II,  1675  de!A-WT  (T2): 

5'-Biotin-TGA  GGA  TTT  TAT  CAA  GAA  A 
S'-Biotinylated  non-complementary  target: 

5'-B  iotin-5 '-B iotin-CTT  ACC  CCA  CCG  ACC  TCG  G 


Preparation  of  oligomer-coated  microspheres  and 
analytical  procedure 

The  beads  preparation  was  carried  out  using  a  modified 
procedure  recommended  by  Bangs  Laboratories.14  Fifty  micro¬ 
grams  of  streptavidin-coated  magnetic  beads  were  transferred 
into  two  1 .5  ml  centrifuge  vials.  The  microspheres  were  washed 
with  90  pi  TTL  buffer  (100  mM  Tris-HCl  pH  8.0,  0.1%  Tween 
20,  1  M  LiCl)  and  resuspended  in  21  pi  of  TTL  buffer 
containing  4.0  pg  of  P]  or  P2  to  give  final  volumes  of  25  pi.  The 
probes  were  captured  onto  the  beads  during  a  15  min  incubation 
at  room  temperature  with  gentle  mixing.  Subsequently,  25  pi 
solutions  of  the  two  probe-functionalized  magnetic  beads  were 
mixed  in  one  vial,  washed  with  90  pi  TTL  buffer,  and 
resuspended  in  25  pi  hybridization  solution  (750  mM  NaCl  and 
150  mM  sodium  citrate,  pH  8.5).  At  the  same  time,  labeling  of 
the  two  targets  with  the  ALP  and  GAL  enzyme  tags  was 
performed  by  adding  the  desired  amount  of  the  target  to  0.5  ml 
vials  containing  either  1  pi  streptavidin-f3-galactosidase  (1  U 
pi”1)  or  2  pi  streptavidin-alkaline  phosphatase  (0.1  U  pi”1), 
and  the  required  amount  of  TTL  buffer  to  obtain  final  volumes 
of  12.5  pi.  This  was  followed  by  a  15  min  incubation  at  room 
temperature  with  gentle  mixing.  The  solutions  containing  the 
two  enzyme- labeled  targets  were  then  mixed  into  a  single  vial. 
The  hybridization  reaction  was  initiated  by  adding  25  pi  of  the 
(3-galactosidase-labelled-T ,  /alkaline  phosphatase-labelled-T2 
mixture  to  the  vial  containing  the  magnetic  beads  bearing  the  PI 
and  P2  probes;  the  hybridization  proceeded  at  room  temperature 
with  gentle  mixing  (usually  for  10  min).  The  enzyme-labeled 
DNA  conjugates  were  then  washed  twice  with  90  pi  TTL  buffer 


solution  and  resuspended  in  a  50  pi  solution  containing  50  mM 
of  the  corresponding  substrates  (phenyl  |3-D-galactoside  and  a- 
naphthyl  phosphate).  The  samples  were  incubated  at  room 
temperature  for  10  min  to  allow  both  enzymatic  reactions  to 
proceed.  This  was  followed  by  magnetic  separation  and  transfer 
of  the  50  pi  supernatant  (containing  the  products  of  the 
enzymatic  reactions)  into  the  electrochemical  cell  containing 
950  pi  Tris-HCl  buffer  (0.5  M,  pH  8.5). 

Constant  current  chronopotentiometry  was  used  for  detecting 
the  products  of  the  enzymatic  reactions.  Each  measurement  was 
performed  using  a  new  10  mm  long  graphite-lead  surface.  Such 
measurements  were  performed  in  a  quiescent  solution  after  a  5 
s  rest  period  using  an  initial  potential  of  0.0  V  and  an  anodic 
current  of  +5.0  pA.  The  data  were  filtered  and  baseline- 
corrected  with  the  TAP2  software. 


Results  and  discussion 

The  new  dual  enzyme  electrochemical  coding  protocol  couples 
an  efficient  magnetic  isolation  of  the  DNA  duplex,  with  the 
amplification  provided  by  the  two  enzyme  labels  ((3-galactosi- 
dase  and  alkaline  phosphatase),  and  chronopotentiometric 
detection  of  the  electroactive  phenol  and  a-naphthol  products 
(Fig.  1).  The  performance  of  the  new  bioassay  is  illustrated 
below  for  the  simultaneous  detection  of  two  sequences  related 
to  the  BCRA1  breast-cancer  gene  in  connection  to  magnetic 
beads  bearing  the  corresponding  oligonucleotide  probes.  The 
use  of  a  renewable  graphite  transducer  obviates  surface  fouling 
problems  associated  with  the  anodic  detection  of  the  phenolic 
products. 

GAL  catalyzes  the  hydrolysis  of  the  electroinactive  |3-d- 
galactosides  while  ALP  catalyzes  the  reaction  of  electroinactive 
phenyl  phosphates.  Using  an  a-naphthyl-phosphate  substrate  of 
ALP  and  a  phenyl-p-D-galactoside  substrate  of  GAL  thus 
results  in  a-naphthol  and  phenol  products,  respectively,  whose 
electrochemical  signals  are  well  resolved.  Fig.  2  displays 
differential-pulse  voltammogram  (A)  and  chronopotentiogram 
(B)  for  a  sample  mixture  containing  20  pM  of  the  a-naphthol  (a) 
and  phenol  (b)  products.  Both  compounds  yield  well-defined 
oxidation  signals  at  the  graphite  pencil  electrode,  with  anodic 
peaks  at  +0.31  V  (a-naphthol)  and  +0.63  V  (phenol).  The 
efficient  background  correction  capability  of  the  chronopo¬ 
tentiometric  operation  results  in  sharper,  baseline-resolved 
peaks.  This  detection  method  was  thus  used  for  all  subsequent 
work.  A  constant  current  of  +5  pA  provided  the  most  favorable 
compromise  between  high  sensitivity  and  resolution  and  was 
used  in  all  subsequent  work. 

In  addition  to  the  redox  potentials  of  the  reaction  products, 
one  must  consider  the  attainment  of  similar  sensitivities  for  the 
two  DNA  targets.  This  can  be  accomplished  by  adjusting  the 
biocatalytic  activity  of  the  two  enzyme  tags  or  by  controlling  the 
substrate  concentration.  Adjusting  the  activity  of  the  enzymes  to 
1 .0  U  GAL  and  0.2  U  ALP  provided  similar  sensitivities  (since 


Potential/V 


Fig.  2  Differential  pulse  voltammogram  (A)  and  chronopotentiogram  (B) 
for  20  pM  a-naphthol  (a)  and  20  pM  phenol  (b)  in  a  Tris-HCl  (0.5  M,  pH 
8.5)  solution.  (A)  Scan  rate,  50  mV  s-1,  amplitude,  50  mV;  (B)  constant 
current,  +  5.0  pA. 
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the  ALP  reaction  resulted  in  a  5-fold  higher  sensitivity  than  the 
GAL  one  when  similar  activities  were  used). 

The  dual  enzyme  electrochemical  coding  combines  the  high 
sensitivity  of  enzyme  tagging  with  the  efficient  removal  of  non- 
hybridized  DNA  provided  by  the  magnetic  separation.  Fig.  3 
displays  the  response  of  the  new  bioassay  to  1  pg  l-'  of  the 
E908X-WT  (A)  and  1675delA-WT  (B)  breast  cancer  DNA 
targets,  in  connection  to  their  GAL  and  ALP  tracers,  re¬ 
spectively.  Also  shown  (C)  is  the  response  to  a  large  (200-fold) 
excess  of  a  non-complementary  nucleic  acid.  As  expected  (from 
the  product  signals  of  Fig.  2),  the  individual  DNA  targets  yield 
well-defined  chronopotentiometric  peaks  at  +0.63  (A)  and 
+0.31  V  (B)  corresponding  to  the  oxidation  of  the  enzymatically 
liberated  phenol  and  a-naphthol,  respectively.  In  contrast,  no 
response  is  observed  for  the  non-complementary  DNA  se¬ 
quence  (C),  reflecting  the  effective  magnetic  separation.15 

The  position  and  size  of  the  product  peaks  provide  the  desired 
identification  and  quantitative  information,  respectively,  on  a 
given  target  DNA.  Such  dual  target  quantitation  is  illustrated  in 
Fig.  4A  from  the  chronopotentiometric  response  to  sample 
mixtures  containing  increasing  levels  of  the  two  breast-capcer 
target  oligonucleotides:  100  (1),  300  (2)  and  500  (3)  ng  ml"1. 
Well-defined  and  resolved  peaks  are  observed,  as  needed  for 
selective  target  identification;  the  peaks  are  proportional  to  the 
concentration  of  corresponding  DNA  targets,  indicating  mini¬ 
mal  cross  interferences  and  absence  of  surface  fouling  (asso¬ 
ciated  with  the  use  of  renewable  graphite  electrodes).  The 
resulting  calibration  plots  are  highly  linear  [Fig.  4B;  correlation 
coefficients,  0.999(a)  and  0.995(b)).  The  very  high  sensitivity 
(associated  with  the  enzymatic  amplification)  allows  simultane¬ 
ous  monitoring  of  low  levels  of  both  targets.  This  is  indicated 
from  the  response  for  a  mixture  containing  10  ng  ml"1  of  the 
two  DNA  targets  (also  shown  in  B).  The  favorable  signal-to- 
noise  (S/N)  characteristics  of  these  data  indicate  detection  limits 
of  ca.  0.7  (a)  and  0.9  (b)  ng  ml"1  (i.e.,  5.5  and  7.1  fmols  in  the 
50  pi  samples;  S/N  =  3).  Even  lower  detection  limits  are 
expected  in  connection  with  enzyme/substrate  recycling  ampli- 


Fig.  3  Chronopotentiometric  hybridization  response  to:  (A)  1  pg  ml-1 
E908X-WT  (TO,  (B)  1  pg  ml*"1  1675de1A-WT  (T2),  and  (C)  200  pg  ml"' 
non-complementary  (NC)  oligomers;  amount  of  magnetic  beads,  50  pg; 
probe  (Pj  or  P2)  concentration,  160  pg  mM;  streptavidin-p-galactosidase 
(GAL)  activity,  )  Unit;  streptavidin-alkaline  phosphatase  (ALP)  activity, 
0.2  Unit;  phenyl  p-D-ga)actoside  (S})  concentration,  50  mM;  cv-naphthyl 
phosphate  (S2)  concentration,  50  mM;  probe  immobilization  time,  15  min; 
enzyme  association  time,  15  min;  hybridization  time,  10  min;  enzymatic 
reaction  time,  10  min;  constant  current,  +5  pA. 
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Fig.  4  (A)  Chronopotentiometric  signals  for  mixtures  containing  increas¬ 
ing  levels  of  the  E908X-WT  and  1 675delA-WT  targets:  (1 )  100,  (2)  300  and 
(3)  500  ng  ml-1.  (B)  The  resulting  calibration  plots,  as  well  as  the  response 
for  a  sample  containing  10  ng  ml-1  of  the  E908X-WT  and  1675delA-WT 
targets.  Other  conditions,  as  in  Fig.  2. 


fication  protocols.16  The  implementation  of  such  amplification 
would  require  the  absence  of  cross  interferences. 


Conclusions 

We  have  demonstrated  dual  target  electrochemical  DNA 
detection  based  on  the  use  of  different  enzyme  tags.  The  dual 
target  detection  capability  is  coupled  with  high  sensitivity  and 
effective  discrimination  against  non-complementary  nucleic 
acids.  This  approach  could  be  multiplexed  and  scaled  by 
incorporating  additional  enzyme  tracers  and  using  multi-well 
plate  or  multi-channel  chip  formats.  The  multi-enzyme  electro¬ 
chemical  coding  could  be  adapted  to  other  multi-analyte 
biological  assays,  particularly  immunoassays.  We  are  currently 
developing  and  comparing  different  electrochemical  coding 
routes  for  extending  electrical  DNA  assays  to  the  simultaneous 
analysis  of  multiple  DNA  targets.  Our  goal  is  to  increase  the 
number  of  electrochemical  codes  that  *  can  be  measured 
simultaneously,  without  overlap  of  their  voltammetric  signal. 
Up  to  5-6  targets  are  expected  to  be  measured  simultaneously  in 
a  single  run  (with  greater  numbers  when  connected  to  parallel 
plate  or  chip  operations).  Particularly  attractive  in  this  direction 
is  the  use  of  ‘electroactive’  particles  (i.e.,  polystyrene  beads 
impregnated  with  different  redox  markers).  Preliminary  results 
in  this  direction  are  encouraging.  The  electrochemical  coding 
technology  is  expected  to  open  new  opportunities  for  genetic 
testing  in  a  manner  similar  to  analogous  optical  multianalyte 
protocols. 
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Electrical  transduction  of  DNA  hybridization  events  is  a  major  challenge  in  genoelectronics.  Here  we 
report  on  a  new  strategy  for  amplifying  electrical  DNA  sensing  based  on  the  use  of  microsphere  tags  loaded 
internally  with  a  redox  marker.  The  resulting  “electroactive  beads”  are  capable  of  carrying  a  huge  number 
of  the  ferrocenecarboxaldehyde  marker  molecules  and  hence  offer  a  remarkable  amplification  of  single 
hybridization  events.  This  allows  chronopotentiometric  detection  of  target  DNA  down  to  the  5.1  x  10 
mol  level  (~31  000  molecules)  in  connection  to  20  min  of  hybridization  and  “release”  of  the  marker  in  an 
organic  medium.  The  dramatic  signal  amplification  advantage  is  combined  with  a  remarkable  discrimination 
against  a  huge  excess  (107)  of  noncomplementary  nucleic  acids.  Such  electroactive  beads  hold  great  promise 
for  multitarget  detection  (in  connection  to  spheres  loaded  with  different  redox  markers)  and  for  enhancing 


the  sensitivity  of  other  bioassays. 

Introduction 

The  detection  of  DNA  hybridization  is  of  central 
importance  to  the  diagnosis  and  treatment  of  genetic 
diseases,  for  the  detection  of  infectious  agents,  and  for 
reliable  forensic  analysis.  Such  DNA  sensing  applications 
require  high  sensitivity  through  amplified  transduction 
of  the  oligonucleotide  interaction.  Electrical  detection  of 
DNA  hybridization  has  shown  great  promise  for  this 
purpose  and  has  thus  been  the  subject  of  intense  research 
activity.1  Such  electronic  transduction  is  commonly  ac¬ 
complished  by  using  intercalating  electroactive  indicators 
(that  associate  with  the  surface  hybrid),2  through  enzyme- 
amplified  recognition,3  by  monitoring  the  intrinsic  redox 
activity  of  DNA,4  or  through  redox  tags  covalently  bound 
to  single-stranded  DNA  oligomers.6  In  particular,  the  use 
of  ferrocene-oligonucleotide  conjugates  has  been  shown 
to  be  extremely  useful  for  monitoring  DNA  and  RNA  down 
to  the  femtomole  level.6  Here  we  report  on  a  dramatic 
amplification  of  single  hybridization  events  based  on  the 
use  of  novel  “electroactive  beads”  that  results  in  a  1000- 
fold  sensitivity  enhancement  over  previous  electronic 
sensors. 

Particle-based  materials  offer  excellent  prospects  for 
DNA  analysis.6  The  new  amplification  strategy  relies  on 
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the  use  of  polystyrene  microbead  tags  which  are  internally 
“loaded”  with  organic  media-soluble  electroactive  markers 
in  a  manner  analogous  to  the  entrapment  of  fluorescent 
agents  in  commercial  “fluorescent  microspheres”.7  The 
resulting  electroactive  beads  are  capable  of  carrying  a 
huge  number  of  marker  molecules  and  hence  offer  a 
dramatic  amplification  of  single  hybridization  events  and 
remarkably  low  detection  limits  (down  to  5.1  x  10~21  mol 
or  ~31  000  molecules).  Such  beads  are  prepared  by  a 
diffusion/entrapment  process  in  the  presence  of  the 
marker/organic-solvent  solution,  in  a  manner  similar  to 
the  preparation  of  their  fluorescent  analogues.73  Ap¬ 
proximately  5  x  10n  molecules  of  the  ferrocenecarbox¬ 
aldehyde  (FCA)  marker  have  thus  been  encapsulated  in 
a  single  microsphere  (see  Experimental  Section).  Such 
internal  loading  affords  the  availability  of  neutravidin 
surface  groups  for  DNA  binding.  The  huge  signal  ampli¬ 
fication  is  coupled  to  an  effective  discrimination  against 
noncomplementary  nucleic  acids. 

Experimental  Section 

Chronopotentiometric  measurements  were  performed  with  a 
potentiometric  stripping  unit  PSU20  (Radiometer)  controlled  by 
the  TAP2  software  (Radiometer),  and  a  1.0  mL  cell  containing 
the  acetonitrile/0.2  M  tetraethylammonium  chloride  solution. 
The  preparation  of  the  probe-coated  magnetic  beads  and  the 
hybridization  reaction  were  performed  on  a  MCB  1200  Biomag- 
netic  Processing  Platform  (Sigris).  An  IEC  Micromax  centrifuge 
(OM3590)  and  a  Vortex  Genie2  shaker  were  used  during  the 
ferrocenecarboxaldehyde  bead  labeling  of  the  target  DNA.  Beads 
(magnetic  and  FCA  loaded)  were  received  from  Bangs  Labora¬ 
tories  Inc.  and  had  binding  capacities  of  0.90  and  0.009  fig  of 
biotin— FITC  mg"1  of  microspheres,  respectively.  Buffers  and 
stock  solutions  were  prepared  from  deionized  and  autoclaved 
water. 

The  FCA  loading  capacity  (5  x  1011  molecules/sphere)  was 
estimated  from  measurements  done  on  7000  FCA-doped  micro¬ 
spheres  which  yielded  an  electrochemical  response  similar  to 
that  of  a  6.6  x  10"6  M,lmL  FCA  solution. 

The  probe  immobilization  onto  the  magnetic  beads  was 
performed  with  the  MCB  1200  Biomagnetic  Processing  Platform 
using  a  modified  procedure  recommended  by  Bangs  Laboratories 
(Technote  101).  Briefly,  50  //gof  streptavidin-coated  microspheres 
was  transferred  into  a  1.5  mL  centrifuge  tube.  The  microspheres 

(7)  (a)  Technote  103,  Bangs  Laboratories  Inc.,  Fishers,  IN,  2000 
(www.bangslabs.com).  (b)  Bellisaro,  R.;  Colinas,  R.  J.;  Pass,  K.  A.  Clin. 
Chem.  2000,  46,  1422. 
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Figure  1.  Steps  involved  in  the  new  genoelectronic  protocol:  (A)  Introduction  of  probe-coated  magnetic  beads  and  target-labeled 
electroactive  beads.  (B)  Hybridization  and  magnetic  separation.  (C)  Dissolution  of  the  spheres  in  acetonitrile,  release  of  the  marker, 
and  its  chronopotentiometric  detection  at  a  glassy  carbon  electrode.  Fc  represents  the  ferrocene  marker. 


were  washed  with  100  juL  of  TTL  buffer  (100  mM  Tris-HCl,  pH 
8.0,  and  0.1%  Tween  20, 1  M  LiCl)  and  resuspended  in  20  juL  of 
TTL  buffer.  Subsequently,  4.0  jug  of  the  biotinylated  probe  was 
added  and  incubated  for  15  min  at  room  temperature  with  gentle 
mixing.  The  coated  beads  were  then  separated  and  washed  twice 
with  100  juL  of  TT  buffer  (250  mM  Tris-HCl,  pH  8.0,  and  0.1% 
Tween  20)  and  resuspended  in  20  /iL  of  hybridization  buffer  (7  50 
mM  NaCl,  150  mM  sodium  citrate).  The  appropriate  amount  of 
the  biotinylated  target  (or  noncomplementary)  nucleic  acid  was 
added  to  40  //L  of  neutravidin-coated  electroactive  beads  (18.73 
x  106  particles  mL"1)  in  TTL  buffer  and  incubated  for  30  min 
with  gentle  mixing,  washed  with  100//L  of  TT  buffer,  centrifuged 
at  8000  rpm  for  2  min,  and  resuspended  in  30  gL  of  the 
hybridization  buffer.  The  hybridization  event  proceeded  by  gently 
mixing  for  20  min  the  bead-coated  probe  and  target  solutions  (50 
fiL  total  volume).  This  was  followed  by  washing  twice  with  90 
gL  of  TT  buffer  and  resuspending  the  conjugate  in  20  jih  of  TT 
buffer.  During  the  decanting  step  special  attention  must  be  given, 
as  a  small  fraction  of  the  DNA-particle  assembly  tends  to  fall 
below  the  magnetic  field.  The  resulting  20  jiL  sample  was  then 
spiked  into  the  1  mL  of  acetonitrile  (containing  0.2  M  tetra¬ 
ethyl  ammonium  chloride)  dissolution/detection  solution,  where 
the  spheres  were  dissolved  for  5  min  under  gentle  stirring. 
Chronopotentiometric  detection  of  the  released  FCA  was  carried 
out  at  a  glassy  carbon  electrode  (polished  with  a  0.05 /mi  alumina 
slurry)  using  a  constant  current  of  4-2  uA  (following  5  s  at  4-0.20V), 
and  in  connection  to  Ag/AgCl  and  platinum-wire  reference  and 
counter  electrodes,  respectively. 

All  DNA  oligonuclotides  were  purchased  ff om  Sigma-Genosys 
Ltd.  The  oligonucleotides  had  the  following  sequences:  probe, 
5'-biotin-GTA  TTA  GCT  TTT  CTT  GAT  AAA  ATC  CTC  A;  target, 
5'-biotin-GTA  TTA  GCT  TGA  GGA  TTT  TAT  CAA  GAA  A; 
noncomplementary,  S'-biotin-GTA  TTA  GCT  GAA  CAA  AAG  GAA 
GAA  AAT  C;  2-bp  mismatched  oligomer  sequence,  5'-biotin-GTA 
TTA  GCT  TCA  GCA  TTT  TAT  CAA  GAA  A. 

Results  and  Discussion 

Figure  1  outlines  the  steps  of  the  new  microsphere- 
based  bioelectronic  protocol.  DNA  probe-coated  magnetic 
beads  are  introduced  to  a  50  //L  hybridization  solution 
along  with  the  electroactive-bead  tagged  complementary 
DNA  (A).  Following  a  20  min  hybridization  and  magnetic 
separation  (B),  the  resulting  magnetic-bead/DNA/FCA- 
microsphere  conjugates  are  transferred  into  an  acetonitrile 
solution,  which  triggers  the  release  of  the  marker  (in 
connection  to  dissolution  of  the  beads).  This  is  followed  by 
a  chronopotentiometric  detection  of  the  released  marker 
at  a  glassy  carbon  transducer  (C).  (Practical  applications 
would  involve  sandwich  or  competitive  assays  without 
labeling  the  target.) 

Figure  2  displays  a  scanning  electron  micrograph  of 
the  DNA-linked  particle  assembly,  which  resulted  from 
the  hybridization  event.  This  image  indicates  that  the  10 
fim  electroactive  beads  are  cross-linked  to  the  smaller 
(^0.8  fim)  magnetic  spheres  through  the  DNA  hybrid. 


Figure  2.  Scanning  electron  micrograph  of  a  DNA-particle 
assembly  produced  following  a  20  min  hybridization  with  a  40 
mg  L-1  target.  The  micrograph  was  taken  on  a  Hitachi  S3200 
instrument. 

Such  hybridization-induced  aggregation  is  common  to 
particle-based  DNA  assays.6  The  image  indicates  also  that 
the  integrity  of  the  particle-linked  DNA  network  is 
maintained  during  the  washing  and  magnetic-separation 
steps.  Similar  particle-linked  DNA  networks  were  ob¬ 
served  using  electroactive  beads  of  5  and  20  jum  diameter 
(not  shown).  In  contrast,  such  aggregation  was  not 
observed  in  the  presence  of  noncomplementary  DNA;  a 
2-bp  mismatched  oligonucleotide  resulted  in  greatly 
smaller  aggregates  (not  shown). 

Electrical  detection  of  DNA  segments  related  to  the 
BRCA1  breast  cancer  gene  was  used  for  illustrating  a 
remarkably  enhanced  signal  per  hybridization  reaction. 
Figure  3  displays  typical  chronopotentiograms  for  ex¬ 
tremely  low  target  concentrations  (10-100  000  pg  L"1; 
A-C),  along  with  the  corresponding  response  for  a  huge 
(~103-fold  to  107-fold)  excess  of  a  noncomplementary 
nucleic  acid  (D).  Well-defined  oxidation  peaks  are  observed 
for  the  low  target  levels  (Ep  =  4-0.88  V).  The  favorable 
response  of  the  10  pg  L”1  DNA  target  (A)  indicates  a 
remarkably  low  detection  limit  of  1  pg  L-1  (~10~16  M)  in 
connection  to  the  20-min  hybridization  time.  Such  a 
detection  limit  corresponds  to  5.1  x  10_21mol(i.e.,~31  000 
molecules)  in  the  50  juL  sample  and  represents  the  lowest 
value  reported  for  electrical  DNA  detection.  The  new 
detection  system  is  106  and  103  times  more  sensitive  than 
analogous  DNA  sensing  based  on  ferrocene-conjugated 
oligonucleotides6  or  the  most  sensitive  electrical  assay 
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Figure  3.  Chronopotentiometric  hybridization  signals  for  0.0 1 
(A),  0.1  (B),  and  100  (C)  ng  Lr1  (ppt)  DNA  targets  and  500  fig 
Lr1  (ppb)  noncomplementary  DNA  (D).  Inset:  calibration  plot 
for  DNA  target  concentrations  ranging  from  0.01  to  10  000  ng 
Lr1.  Hybridization  time,  20  min  in  0.75  M  NaCl/0.15  M  sodium 
citrate;  marker  release  time,  5  min;  constant  current,  2  fiA. 
Measurements  were  carried  out  with  a  Trace  Lab  PSU20  system 
(Radiometer),  controlled  by  the  TAP2  software,  and  a  1.0  mL 
cell  containing  the  acetonitrile/0.2  M  tetraethylammonium 
chloride  solution. 

based  on  liposome  amplification,8  respectively.  A  negligible 
signal  is  observed  for  the  500  pig  L"1  noncomplementary 
DNA  (D).  Apparently,  the  combination  of  effective  mag¬ 
netic  separation  and  transfer  to  an  organic  detection 
medium  eliminates  nonspecific  adsorption  and  contribu¬ 
tions  of  nonhybridized  DNA.  A 1000  ng  L"1 2-bp  mismatch 
solution  yielded  a  small  response,  corresponding  to  that 
of  a  0.1  ng  L"1  target  (not  shown). 

The  above  target  measurements  are  part  of  a  six-point 
calibration  experiment  over  the  0.01-10  000  ng  L"1  range. 
The  peak  area  increased  nonlinearly  with  the  target 
concentration.  Yet,  the  resulting  logarithmic  plot  (shown 
in  Figure  3)  is  linear  over  the  entire  range  and  is  suitable 
for  quantitative  work.  Similar  profiles  were  reported 
for  gold-nanoparticle  bioass  ays. 6b9  Saturation  of  the 
probe  hybridization  sites  and  changes  in  the  degree  of 


(8)  Patolsky,  F.;  Lichtenstein,  A.;  Willner,  I.  Angew  Chem.,  Int.  Ed. 
2000,  39,  940. 

(9)  Thanh,  N.  T.;  Rozenzwieg,  Z.  Anal.  Chem.  2002,  74,  1624. 


aggregation  account  for  the  nonlinear  concentration 
dependence.61*’9’10  Similar  models  of  colloidal  aggregation 
due  to  avidin/biotin  systems  predict  a  distinct  transition 
between  limited  and  complete  aggregation  as  a  function 
of  ligand  (DNA)  to  receptor  (polymer  bead)  ratio.10  The 
amplified  signal  is  coupled  to  a  relatively  good  reproduc¬ 
ibility  (e.g. ,  a  RSD  of  23%  for  five  successive  measurements 
of  the  100  pg  L_1  target).  Such  signal  variations  reflect 
primarily  the  reproducibility  of  the  aggregation  process, 
associated  with  the  consistency  of  the  bead  preparation 
and  labeling  steps. 

In  conclusion,  we  have  demonstrated  the  use  of  redox- 
marker  encapsulated  polystyrene  microspheres  for  dra¬ 
matically  amplifying  DNA  sensing  processes.  The  signal 
amplification  advantage  has  been  combined  with  an 
efficient  magnetic  removal  of  noncomplementary  DNA. 
While  the  use  of  electroactive  beads  has  been  presented 
in  connection  to  the  detection  of  DNA  hybridization,  it 
can  be  readily  extended  to  the  monitoring  of  other 
biorecognition  events  (e.g.,  immunochemical  reactions). 
While  the  current  protocol  has  relied  on  labeled  targets, 
practical  applications  would  involve  sandwich  or  competi¬ 
tive  assays.  Current  efforts  in  our  laboratories  are  aimed 
at  the  simultaneous  detection  of  mixed  target  solutions 
based  on  microspheres  loaded  with  different  markers  (with 
a  range  of  redox  potentials).  We  are  also  examining  a 
further  signal  amplification  through  surface  accumulation 
of  ferrocenyl  ions  onto  ion-exchanger  modified  electrodes. 
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Abstract 

We  report  on  the  detection  of  DNA  hybridization  in  connection  to  cadmium  sulfide  nanoparticle  tracers  and  electrochemical 
stripping  measurements  of  the  cadmium.  A  nanoparticle-promoted  cadmium  precipitation  is  used  to  enlarge  the  nanoparticle  tag  and 
amplify  the  stripping  DNA  hybridization  signal.  In  addition  to  measurements  of  the  dissolved  cadmium  ion  we  demonstrate  solid-state 
measurements  following  a  ‘magnetic’  collection  of  the  magnetic-bead/DNA-hybrid/CdS-tracer  assembly  onto  a  thick-film  electrode 
transducer.  The  new  protocol  combines  the  amplification  features  of  nanoparticle/polynucleotides  assemblies  and  highly  sensitive 
stripping  potentiometric  detection  of  cadmium,  with  an  effective  magnetic  isolation  of  the  duplex.  The  low  detection  limit  (100  fmol)  is 
coupled  to  good  reproducibility  (RSD  =  6%).  Prospects  for  using  binary  inorganic  colloids  for  multi-target  detection  are  dis¬ 
cussed.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Nanoparticles;  DNA  hybridization;  Cadmium  sulfide;  Stripping  potentiometry 


1.  Introduction 

The  development  of  DNA  biosensors  has  been  the 
subject  of  an  intense  activity  [1-3].  Such  detection  of 
DNA  hybridization  has  greatly  benefited  from  the  re¬ 
cent  use  of  nanoparticle  materials  [4-9].  The  unique 
properties  of  nanometer-sized  materials  make  them  ex¬ 
cellent  candidates  for  DNA  sensing  [11],  Recent  activity 
in  this  area  has  involved  the  use  of  gold  or  silver 
nanoparticle  probes  for  optical  [4,5]  or  electrochemical 
[6-8]  monitoring  of  DNA  hybridization,  and  the  use  of 
quantum-dot  tagging  for  optical  [9]  or  photoelectro¬ 
chemical  [10]  gene  sensing. 

Here  we  report  on  a  nanoparticle-based  electro¬ 
chemical  detection  of  DNA  hybridization  based  on 
cadmium  sulfide  (CdS)  nanoparticle  tags  and  potentio¬ 
metric  stripping  measurements  of  the  dissolved  cad¬ 
mium  tracer.  The  use  of  metal  labels  (e.g.,  Au,  Ag)  for 
sensing  DNA  hybridization  in  connection  to  highly 
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sensitive  stripping  detection  has  been  demonstrated 
[6-8].  Combining  the  catalytic  enlargement  of  the  met¬ 
al-particle  tags,  with  the  effective  ‘built-in5  amplification 
of  electrochemical  stripping  analysis,  has  thus  paved  the 
way  to  remarkably  low  (fmol)  detection  limits  of  target 
DNA.  Analogous  protocols  based  on  binary  inorganic 
colloids  have  not  been  reported,  despite  the  rich 
chemistry  of  such  inorganic  nanoparticles.  Particularly 
attractive  for  such  bioassays  are  CdS  and  PbS  semi¬ 
conductor  particles  in  view  of  the  attractive  stripping 
behavior  of  cadmium  or  lead  ions  [12].  Fig.  1  outlines 
the  steps  of  the  new  bioelectronic  protocol,  including 
the  binding  of  the  biotinylated  target  to  streptavidin- 
coated  magnetic  beads  (A),  its  hybridization  event  to  a 
CdS-labeled  probe  (B),  dissolution  of  the  CdS  tag  (C) 
and  stripping  potentiometric  detection  of  the  dissolved 
cadmium  ion  (D).  We  will  also  demonstrate  that  the 
dissolution  step  (C)  can  be  eliminated  and  that  solid- 
state  detection  of  the  cadmium  can  be  accomplished 
through  ‘magnetic5  collection  of  the  DNA-linked 
nanoparticle  network  [13].  The  performance  character¬ 
istics  of  the  new  CdS-nanoparticle  based  nucleic-acid 
detection  protocol  are  reported  in  the  following 
sections. 
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Fig.  1.  Schematic  representation  of  the  analytical  protocol:  (A)  binding  of  the  target  to  the  magnetic  beads;  (B)  hybridization  with  the  CdS-labeled 
probe;  (C)  dissolution  of  CdS  tag;  (D)  potentiometric  stripping  detection  at  a  mercury-film  electrode. 


2.  Experimental 

2.1.  Apparatus 

Chronopotentiometric  measurements  were  performed 
with  a  potentiometric  stripping  PSU20  system  (Radi¬ 
ometer),  controlled  by  a  PC  using  the  TAP2  software 
(Radiometer).  The  detection  was  carried  out  in  a  1.5  ml 
electrochemical  cell  containing  a  mercury-coated  glassy 
carbon  disk  working  electrode  (2  mm  diameter),  an  Ag/ 
AgCl  reference  electrode  (CH  Instruments,  Austin,  TX), 
and  a  platinum  wire  counter  electrode.  The  magnetic 
bead  assays  were  performed  on  an  MCB  1200  Bio- 
magnetic  Processing  Platform  (Dexter,  CA,  USA).  The 
setup  for  the  magnetic  ‘collection’  experiments  was  de¬ 
scribed  elsewhere  [13]. 

2.2.  Reagents 

All  stock  solutions  were  prepared  using  deionized  and 
autoclaved  water.  The  sodium  acetate  buffer  (3  M,  pH 
5.2),  nitric  acid,  cadmium  nitrate,  sodium  sulfide,  so¬ 
dium  bis(2-ethylhexyl)sulfosuccinate(AOT),  pyridine,  n- 
heptane,  acetone,  methanol,  cystamine,  2-sulfanylethane 
sulfonic  acid,  Tris-HCl  buffer,  hydroquinone,  lithium 
chloride  and  sodium  chloride  were  purchased  from 
Sigma.  Tween  20  was  purchased  from  Aldrich.  Proactive 
strep tavidin-coated  microspheres  (CMOIN)  were  pur¬ 
chased  from  Bangs  Laboratories. 

The  DNA  oligonucleotides  were  obtained  from  Life 
Technologies  (Grand  Island,  NY,  USA)  and  had  the 
following  sequences: 

Target,  biotin-5' AT AGACTGGCCGTCGTTTTAC 

AACGTCGTGGT 

Probe :  5'-SH-(CH2)6-CCACGACGTTGTAAAACG 

ACGGCC  AGT  CT  AT 

N on-complementary:  biotin-5'CAAAACGTATTTT 

GTACAAT 

2.3.  Preparation  of  CdS  nanoparticles 

Cadmium  sulfide  nanoparticles  were  prepared  based 
on  a  slightly  modified  literature  protocol  [10].  Briefly,  an 


AOT/w-heptane  water-in-oil  microemulsion  was  pre¬ 
pared  by  the  solubilization  of  4  ml  of  distilled  water  in 
200  ml  ^-heptane  in  the  presence  of  14  g  of  AOT  surf¬ 
actant.  The  resulting  mixture  was  separated  into  120  and 
80  ml  reverse-micelle  subvolumes.  Then,  0.48  ml  of  1.0 
M  Cd(N03)2  solution  and  0.32  ml  of  1.0  M  Na2S  so¬ 
lution  were  added  into  the  120  and  80  ml  subvolumes  of 
reverse  micelles,  respectively.  After  stirring  the  two 
subvolumes  for  1  h,  they  were  mixed  and  stirred  under 
helium  for  1  h  to  yield  the  CdS  nanoparticles.  Subse¬ 
quently,  0.34  ml  of  a  0.32  M  cystamine  solution  and  0.66 
ml  of  0.32  M  2-sulfanylethane  sulfonic  acid  were  added; 
the  resulting  mixture  was  stirred  for  24  h  under  helium. 
It  was  then  evaporated  under  vacuum  and  the  residue 
was  successively  washed  with  pyridine,  n-heptane,  ace¬ 
tone,  and  methanol  to  yield  the  cystamine/thioethane- 
sulfonate-capped,  water-soluble  CdS  nanoparticles. 

2.4.  Preparation  of  CdS-DNA  conjugate 

An  aqueous  solution  of  the  CdS  nanoparticles  (1  mg 
ml-1)  was  prepared  and  was  than  exposed  to  the  thio- 
lated  oligonucleotide  probe  (8  OD  mb1).  The  mixture 
was  stirred  for  24  h  at  room  temperature  under  helium 
and  was  gradually  brought  to  0.24  M  NaCl  and  0.1M 
phosphate  buffer  (pH  7.4).  The  resulting  solution  was 
dialyzed  for  48  h  against  0.2  M  NaCl  and  0.1  M  phos¬ 
phate  buffer  (pH  7.4)  containing  0.01%  sodium  azide. 

2.5.  Preparation  of  oligonucleotide-coated  magnetic  beads 
and  the  analytical  procedure 

The  target  modified  magnetic  beads  were  prepared  in 
a  MCB  1200  Biomagnetic  Processing  Platform  using  a 
modified  procedure  recommended  by  Bangs  Laborato¬ 
ries  (Tech  Note  101).  Briefly,  2  pi  streptavidin-coated 
magnetic  beads  were  transferred  into  a  1.5  ml  centrifuge 
tube.  The  beads  were  then  washed  with  95  pi  TTL  buffer 
(100  mM  Tris-HCl,  pH  8.0,  0.1%  Tween,  and  1  M  LiCl) 
and  suspended  in  21  pi  TTL  buffer.  Then,  4  pi  of  the 
corresponding  biotinylated  target  were  added  and  in¬ 
cubated  for  15  min  with  gentle  mixing  (Fig.  1(A)).  The 
beads  were  subsequently  washed  twice  with  95  pi  TT 
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buffer  (250  mM  Tris-HCl  and  0.1%  Tween  20)  and 
suspended  in  45  pi  hybridization  buffer  (750  mM  NaCl, 
150  mM  sodium  citrate).  Then,  5  pi  CdS-DNA  target 
was  added  and  mixed  for  10  min  (Fig.  1(B)).  The  re¬ 
sulting  hybrid-conjugated  microspheres  were  then  wa¬ 
shed  twice  with  95  pi  TT  and  resuspended  in  25  pi  of  1 
M  HNO3  solution.  Dissolution  of  the  CdS  tag  (Fig. 
1(C))  thus  proceeded  for  3  min  using  magnetic  stirring. 
Following  a  magnetic  separation,  the  25  pi  HNO3  so¬ 
lution  (containing  the  dissolved  Cd2+)  was  transferred 
into  1  ml  acetate  buffer  (pH  5.2).  Chronopotentiometric 
stripping  measurements  of  the  dissolved  cadmium  ion 
were  performed  at  a  mercury-film  electrode  using  a  2 
min  deposition  at  -0.90  V  in  a  stirred  acetate  buffer 
solution  (0.2  M,  pH  5.2;  1  ml).  Subsequent  stripping  was 
carried  out  after  a  10  s  rest  period  (without  stirring) 
using  an  anodic  current  of  +  1.0  pA.  The  stripping  curve 
data  were  filtered  and  baseline  corrected  using  the  TAP2 
software.  The  mercury-film  electrode  was  prepared  on  a 
polished  glassy  carbon  electrode  by  applying  a  potential 
of  -1.10  V  for  10  min  using  a  0.1  M  HC1  solution 
containing  100  mg  l"1  Hg2+. 

2.6.  Particle  enlargement  and  magnetic  ' collection  pro¬ 
tocols 

Cadmium  catalytic  precipitation  experiments  were 
performed  by  a  20  min  incubation  of  the  sample  (fol¬ 
lowing  the  hybridization)  in  a  solution  containing  30  pi 
of  0.05  M  Cd(N03)2  and  30  pi  of  0.05  M  hydroquinone. 
'Magnetic’  collection  experiments  were  conducted  using 
a  mercury-coated  screen-printed  carbon  electrode  (pre¬ 
pared  by  10  min  deposition  at  -1.10  V  in  a  0.1  M  HC1 
solution  containing  100  mg  l-1  Hg2+)  by  placing  a 
magnet  directly  under  the  working  electrode  to  anchor 
the  particle-DNA  assembly  before  placing  the  60  pi 
DNA-particle  aggregate  sample  for  measurements  (vs. 
Ag/AgCl)  in  a  manner  analogous  to  that  described 
elsewhere  [13]. 


3.  Results  and  discussion 

The  new  procedure  couples  the  high  sensitivity  of 
nanoparticle-based  stripping  assays  with  a  magnetic 
discrimination  against  non-complementary  nucleic 
acids.  The  present  protocol  relies  on  binary  inorganic 
(CdS)  nanoparticles,  compared  to  single  (Au  or  Ag) 
metal  colloids  used  in  early  stripping  DNA  procedures 
[6-8,14].  Fig.  2  displays  typical  chronopotentiograms  for 
solutions  containing  increasing  target  concentrations  in 
200  ng  mr1  steps  (A-C),  as  well  as  to  a  large  excess  of 
non-complementary  oligonucleotide  (D).  Well-defined 
cadmium  stripping  peaks  (£p  =  -0.52  V)  are  observed 
in  connection  to  these  low  target  concentrations.  The 
cadmium  signals  are  proportional  to  the  target  concen- 


Fig.  2.  Stripping  potentiograms  for  increasing  DNA  target  concen¬ 
trations  in  0.2  mg  \~]  steps  (A-C),  as  well  as  for  a  6.0  mg  \  l  non- 
complementary  solution  (D).  Amount  of  beads,  20  pg;  concentration 
of  probe  modified  with  CdS  nanoparticles,  0.01  mg  ml-1 ;  hybridization 
time,  10  min;  accumulation  potential,  -0.90  V;  accumulation  time,  2 
min;  stripping  current,  1  pA. 

tration.  A  substantially  smaller  signal  is  observed  for  an 
excess  (6  pgml-1)  of  the  non-complementary  DNA. 
Such  minimization  of  non-specific  binding  is  attributed 
to  the  efficient  magnetic  separation,  i.e.,  removal  of  non- 
hybridized  DNA.  Repeated  measurements  using  a  1.0 
pg  mPl  target  DNA  solution  yielded  reproducible  sig¬ 
nals  with  a  relative  standard  deviation  of  6.0%  (not 
shown;  n  =  6). 

In  addition  to  effective  discrimination  against  non- 
hybridized  DNA  [15],  the  use  of  magnetic  beads  can 
offer  additional  advantages.  For  example,  a  substantial 
simplification  of  such  nanoparticle-based  electrical  as¬ 
says  has  been  realized  recently  in  our  laboratory  in 
connection  to  a  ‘magnetic’  collection  of  the  cross-linked 
DNA-particle  assembly  onto  a  thick-film  electrode 
transducer  to  allow  direct  electrical  contact  of  the  silver 
precipitate  [13].  A  similar  solid-state  electrochemical 
detection  can  be  achieved  using  the  CdS-based  DNA 
assemblies.  Such  assemblies  can  be  magnetically  an¬ 
chored  onto  the  film  electrode  to  facilitate  the  anodic 
dissolution  of  the  cadmium.  Fig.  3  compares  cadmium 
stripping  potentiograms  obtained  for  a  1.0  pg  ml-1 
target  DNA  using  solution-phase  (A)  and  solid-state  (B) 
measurements  of  the  cadmium  tracer.  Similar  stripping 
peaks  are  observed  in  both  cases,  reflecting  the  efficiency 
of  the  solid-state  detection  (i.e.,  the  good  CdS-surface 
contact).  This  obviates  the  need  for  the  acid  dissolution 
of  the  cadmium  tracer. 

Further  amplification  of  the  sensitivity  of  the  present 
nanoparticle-based  DNA  electrochemical  detection  can 
be  achieved  by  catalytic  precipitation  of  cadmium  to 
produce  larger  tagging  particles.  Fig.  4  compares  the 
stripping  hybridization  response  for  a  400  ng  ml-1  target 
solution  in  the  absence  (A)  and  presence  (B)  of  the 
cadmium  precipitation  step.  A  large  (>12  fold)  en¬ 
hancement  of  the  cadmium  hybridization  signal  is  ob¬ 
served  following  a  20-min  precipitation,  reflecting  the 
substantial  particle  enlargement.  Analogous  enlarge¬ 
ment  of  the  gold  metal  tags  and  amplification  of  the 
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Fig.  3.  Stripping  potentiograms  for  1  mg  1  1  target,  following  (A)  acid  dissolution  and  electrodeposition  and  in  connection  (B)  to  magnetic 
‘collection’  and  solid-state  detection.  Other  conditions,  as  Fig.  2. 


Fig.  4.  Stripping  potentiograms  for  0.4  mg  l1  target,  without  (A)  and 
with  (B)  catalytic  enhancement  with  30  pi  of  10  mM  Cd(N03)2  and  30 
pi  of  0.05  M  hydroquinone.  Other  conditions,  as  Fig.  2. 


stripping  DNA  hybridization  signal  has  been  reported 
[6].  A  detection  limit  of  20  ng  ml-1  DNA  target  (cor¬ 
responding  to  100  fmol  in  the  50  pi  sample)  can  thus  be 
estimated.  Even  lower  detection  limits  are  expected  in 
connection  to  longer  hybridization  periods  and/or  de¬ 
position  times. 

4.  Conclusions 

We  have  demonstrated  for  the  first  time  the  use  of 
binary  inorganic  nanoparticles,  such  as  CdS  colloids,  for 
electrochemical  monitoring  of  DNA  hybridization.  The 


high  sensitivity  and  selectivity  make  this  protocol  a 
useful  addition  to  the  armory  of  nanoparticle-based 
electrochemical  genetic  testing  schemes.  While  the  con¬ 
cept  has  been  presented  within  the  context  of  CdS  par¬ 
ticles,  it  could  be  readily  extended  to  other  inorganic 
colloids  (e.g.,  ZnS  or  PbS)  that  can  be  similarly  syn¬ 
thesized  in  reversed  micelles  [16].  Such  extension  should 
pave  the  way  to  the  simultaneous  analysis  of  several 
DNA  targets  in  a  manner  analogous  to  the  multicolor 
coding  of  Nie  and  co-workers  [9].  Another  promising 
route  could  involve  the  'collection5  of  positively  charged 
CdS  particles  along  the  DNA  duplex  in  a  manner 
analogous  to  the  preparation  of  nanoparticle  wires  [17]. 
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Abstract 

The  growth  of  metals  on  DNA  templates  has  generated  considerable  interest  in  connection  to  the  design  of  metallic  nano¬ 
structures.  Here  we  exploit  the  DNA-induced  generation  of  metal  clusters  for  developing  an  electrical  biosensing  protocol.  The  new 
hybridization  assay  employs  a  probe-modified  gold  surface,  and  is  based  on  the  electrostatic  ‘collection’  of  silver  cations  along  the 
DNA  duplex,  the  reductive  formation  of  silver  nanoclusters  along  the  DNA  backbone,  dissolution  of  the  silver  aggregate  and 
stripping  potentiometric  detection  of  the  dissolved  silver  at  a  thick-film  carbon  electrode.  The  new  protocol  thus  combines  the 
inherent  signal  amplification  of  stripping  analysis  with  effective  discrimination  against  nonhybridized  DNA. 

©  2002  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Sequence-specific  DNA  detection  has  become  a  topic 
of  substantial  interest  owing  to  its  applicability  to  di¬ 
agnosis  of  diseases,  drug  screening  or  forensic  analysis 
[1].  Recent  and  promising  activity  in  the  field  of  DNA 
analysis  has  involved  the  use  of  nanoparticle-based 
materials.  In  particular,  the  use  of  oligonucleotide- 
functionlized  gold  nanoparticles  and  the  hybridization- 
induced  formation  of  DNA-linked  nanoparticle  net¬ 
works  has  led  to  several  optical  [2,3]  and  electrochemical 
[4-6]  DNA  detection  methods.  The  latter  have  relied  on 
binding  of  the  gold  nanoparticles  to  the  captured  target, 
followed  by  their  acid  dissolution  and  an  anodic  strip¬ 
ping  electrochemical  detection  of  the  dissolved  metal 
tracer.  Alternative  routes  for  capturing  metal  tags  have 
not  been  examined. 

Here  we  describe  a  new  electrochemical  protocol  for 
detecting  DNA  hybridization  based  on  preparing  the 
metal  marker  on  the  DNA  itself.  The  use  of  DNA  as  a 
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metallization  template  has  evoked  substantial  research 
activity  directed  to  the  generation  of  conductive  nano¬ 
wires  and  the  construction  of  functional  circuits  [7-9]. 
Such  approach  was  applied  to  grow  silver  [7],  palladium 
[8]  or  platinum  [9]  clusters  on  DNA  templates.  Yet,  the 
DNA-templated  assembly  of  metal  wires  has  not  been 
exploited  for  detecting  DNA  hybridization.  The  new 
detection  scheme  (Fig.  1)  consists  of  the  vectorial  ‘col¬ 
lection’  of  silver  ions  along  the  captured  DNA  target  (d), 
followed  by  hydroquinone-catalyzed  reductive  forma¬ 
tion  of  silver  aggregates  along  the  DNA  skeleton  (e), 
dissolution  of  the  nanoscale  silver  cluster  (f)  and  detec¬ 
tion  of  the  silver  by  a  highly  sensitive  chronopotentio- 
metric  stripping  protocol  (g).  The  performance 
characteristics  of  the  new  bioassay  are  reported  in  the 
following  sections. 


2.  Experimental 

2.7.  Apparatus 

A  gold  disk  working  electrode  (2  mm  diameter;  BAS) 
was  used  for  the  hybridization  and  silver  ‘collection’ 
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Fig.  1.  Schematic  representation  of  the  immobilization  and  analytical 
protocols:  (a)  formation  of  a  self-assembled  cystamine  monolayer;  (b) 
immobilization  of  ssDNA  ‘probe’  through  the  5'-phosphate  groups  of 
ssDNA  by  the  formation  of  phosphoramidate  bond  with  the  amino 
groups  of  the  electrode  surface;  (c)  hybridization  of  the  E908X-WT 
complementary  target;  (d)  ‘loading’  of  the  silver  ion  onto  the  DNA 
(Na+/Ag+  ion  exchange);  (e)  hydroquinone-catalyzed  reduction  of 
silver  ions  to  form  silver  aggregates  on  the  DNA  backbone;  (f)  dis¬ 
solution  of  the  silver  aggregates  in  a  nitric  acid  (50%)  solution  and 
transfer  to  detection  cell;  (g)  stripping  potentiometric  detection. 


reactions.  Potentiometric  stripping  analysis  (PSA)  of  the 
dissolved  silver  was  carried  out  with  the  Trace  Lab  po¬ 
tentiometric  stripping  unit  PSU20  (Radiometer)  con¬ 
trolled  by  the  TAP2  software  (Radiometer).  A  screen- 
printed  carbon  electrode  (SPE)  was  used  as  the  working 
electrode  in  PSA  measurements.  The  screen-printed 
electrodes  (SPEs)  were  manufactured  using  a  semi-au¬ 
tomatic  screen  printer  (Model  TF-100,  MPM,  Franklin, 
MA),  using  a  carbon  ink  (Acheson  440B,  Acheson 
Colloid,  Ontario,  CA)  and  alumina  ceramic  plates.  The 
electrodes  were  cured  for  1  h  at  150  °C.  A  layer  of  in¬ 
sulator  (ESL  protective  ink  240-5B,  ESL,  King  of 
Prussia,  PA)  was  then  printed  onto  a  portion  of  the 
conducting  ‘lines’,  exposing  a  rectangular  (1.0  mm  x 
2.5  mm)  working  electrode  area.  An  Ag/AgCl  electrode 


(CH  Insturments)  and  a  platinum  wire  were  used  as  the 
reference  and  counter  electrodes,  respectively. 

2.2.  Chemicals 

All  solutions  were  prepared  using  deionized  and  au¬ 
toclaved  water.  The  following  chemicals  were  purchased 
from  Sigma:  cystamine,  l-ethyl-3-(3  dimethylamino- 
propyl)-carbodiimide  (EDC),  silver  nitrate,  hydroqui- 
none  and  potassium  phosphate  monobasic  and  dibasic 
anhydrous  salts.  Nitric  acid  and  hydrogen  peroxide 
(30%)  were  obtained  from  Fisher,  while  sulfuric  acid  was 
received  from  VWR  Scientific  Products.  Oligonucleo¬ 
tides  were  acquired  from  Sigma-Genosys  and  had  the 
following  sequences: 

Immobilized  probe:  5'GAT  TTT  CTT  CCT  TTT 
GTTC 

Target-E908X-WT/P:  5'ATC  CTG  AGC  TGT  TGA 
CCA  GTT  ACG  GCA  CAG  ATT  CTG  TTC  ACG 
TTA  CAC  GGG  TTG  AAC  AAA  AGG  AAG 
AAA  ATC 

Noncomplementary  target:  5'  AGA  CGC  GCA  GTG 
AGT  CGG  CCT  TTG  TAG  ACG  CAT  ATG  GAC 
CGA  TTA  CTA  CCT  CCA  TTT  CTA  AAA  GAA 
GGA  AAA 

2.3.  Procedure 

2.3. 1.  Gold  electrodes  pretreatmentlmodification 

The  surface  modification  and  probe  immobilization 
were  based  on  an  early  protocol  [10].  Prior  to  use,  the 
gold  disk  electrode  was  soaked  for  30  min  in  a  freshly 
prepared  piranha  solution  (30%  hydrogen  peroxide  so¬ 
lution/70%  concentrated  sulfuric  acid).  Warning:  pira¬ 
nha  solution  should  be  handled  with  extreme  care. 
Subsequently,  the  electrode  was  polished  with  an  alu¬ 
mina  (0.05  pm)  impregnated  felt;  then,  its  potential  was 
reversibly  cycled  between  0.0  and  1.7  V  (using  a  0.5  M 
H2SO4  medium)  until  the  characteristic  ‘gold/F^SCV 
peak  [9]  was  observed. 

The  surface  modification  is  illustrated  in  Fig.  1(a)  and 
(b).  The  electrode  was  immersed  in  a  2.25  mM  (10  mg/ 
ml)  aqueous  cystamine  solution  overnight  (at  room 
temperature)  allowing  the  gold-thiol  binding.  The  elec¬ 
trode  was  rinsed  vigorously  with  deionized  water  after 
each  treatment. 

The  cystamine-modified  electrodes  was  immersed  for 
6  h  at  room  temperature  in  a  0.1  M  EDC/0.05  M 
phosphate  buffer  (pH  7.4)  solution,  containing  100  pg/ 
ml  of  the  ssDNA  ‘probe’.  After  this  treatment,  the  oli¬ 
gonucleotides  were  attached  through  their  5'-phospate 
group  (via  the  formation  of  phosphoramidate  bond  with 
the  amino  groups  of  immobilized  cystamine  molecules). 
The  electrodes  were  then  soaked  in  a  0.4  M  NaOH/0.25 
w/v%  SDS  ‘wash’  solution  for  5  min  (at  50  °C)  in  order 
to  remove  the  nonspecifically  absorbed  DNA. 
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2.3.2.  Hybridization  of  DNA-modified  electrodes 

The  hybridization  of  the  immobilized  probe  to  the 
complementary  nucleic  acid  (E908X)  target  was  carried 
out  in  a  stirred  solution  (0.05  M  phosphate  buffer,  pH 
7.6)  containing  the  desired  amount  of  DNA  target.  The 
hybridization  reaction  proceeded  for  30  min  at  room 
temperature.  Then,  the  electrode  was  soaked  in  a  stirred 
phosphate-buffer  solution  for  removing  nonspecifically 
absorbed  target  DNA. 

2.3.3.  Silver  deposition  and  dissolution 

The  DNA-template  induced  generation  of  silver 
nanocluster  was  based  on  an  earlier  procedure  [7].  The 
electrostatic  ‘collection’  of  silver  ion  was  proceeded  by 
soaking  the  resulting  DNA-modified  electrode  in  an 
ammonium  hydroxide  (pH  10.5)  solution  containing  0.1 
M  AgN03.  Metallization  of  the  ‘collected’  silver  was 
carried  out  (after  a  vigorous  washing)  by  dipping  the 
electrode  in  an  ammonium  hydroxide  (pH  10.5)  medium 
containing  0.05  M  hydroquinone  (in  the  absence  of  sil¬ 
ver  in  the  solution).  Each  of  the  above  processes  was 
carried  out  for  15  min  in  the  dark. 

The  dissolution  of  the  metallic  silver  aggregate  was 
carried  out  by  spreading  a  5  pi  drop  of  nitric  acid  (50%) 
onto  the  inverted  surface  for  5  min.  The  acid  drop 
containing  the  dissolved  silver  ions  was  transferred  to  a 
0.1  M  HNO3/O.I  M  KNO3  measuring  solution. 

2.3.4.  Chronopotentiometric  stripping  measurements 

Each  experiment  was  carried  out  with  a  ‘fresh’  SPE 

strip,  and  included  an  initial  background  evaluation 
followed  by  the  actual  detection  of  the  dissolved  silver. 
PSA  measurements  were  performed  by  treating  the 
surface  at  +1.2  V  for  3  min  followed  by  a  1  min  depo¬ 
sition  of  the  silver  at  -0.5  V  using  a  stirred  1  ml  0.1  M 
HNO3/O.I  M  KNO3  solution.  Subsequent  stripping  was 
performed  in  a  quiescent  solution  using  an  applied  an¬ 
odic  current  of  +3.0  pA.  The  stripping  curve  data  were 
filtered  and  baseline  corrected  with  the  TAP2  software. 


3.  Results  and  conclusions 

The  new  protocol  relies  on  DNA-template  induced 
generation  of  conducting  nanowires  as  a  mode  of  cap¬ 
turing  the  metal  tag.  The  DNA  probe  was  covalently 
attached  to  the  self-assembled  cystamine  monolayer 
through  a  l-ethyl-3-(3  dimethylaminopropyl)-carbodii- 
mide  (EDC)  linker.  The  new  concept  is  illustrated  here 
in  connection  to  a  reductive  formation  of  silver  aggre¬ 
gates  along  the  DNA  skeleton  and  potentiometric 
stripping  detection  of  the  dissolved  silver.  Electro¬ 
chemical  stripping  DNA  detection  of  a  silver  tracer  was 
accomplished  previously  in  connection  to  captured 
nanoparticle  tags  [5,6],  but  not  through  metallization  of 
the  DNA  backbone. 


Fig.  2.  Chronopotentiometric  stripping  hybridization  response  to:  (a)  0 
pg/ml  of  E908X-WT  complementary  target;  (b)  1  pg/ml  of  E908X-WT 
complementary  target;  (c)  20  pg/ml  of  noncomplementary  target;  (d) 
100  pg/ml  of  noncomplementary  target.  Conditions:  hybridization 
time,  30  min  in  a  0.05  M  phosphate-buffer  solution;  stripping  current, 
+3.0  pA;  deposition  at  -0.5  V  for  1  min  using  a  0.1  M  HNO3/O.I  M 
KNO3  medium;  SPEs  pretreated  at  +1.2  V  for  3  min. 

The  new  assay  couples  the  high  sensitivity  of  elec¬ 
trochemical  stripping  detection  of  metal  tracers  with 
effective  discrimination  against  nonhybridized  DNA. 
Such  attractive  performance  was  illustrated  for  the  de¬ 
tection  of  DNA  segments  related  to  the  BRCA1  breast 
cancer  gene.  Fig.  2(b)  displays  the  silver  hybridization 
stripping  response  for  a  1  pg/ml  DNA  target.  A  well- 
defined  and  sharp  chronopotentiometric  silver  signal  is 
observed  ( Ep  =  0.22  V).  Substantially  smaller  signals  are 
observed  for  solutions  containing  20-  and  100-fold  ex¬ 
cess  (20  and  100  pg/ml)  of  noncomplementary  DNA 
(Fig.  2(c)  and  (d),  respectively).  Such  minimization  of 
contributions  of  nonhybridized  DNA  is  attributed  to  the 
blocking  by  the  self-assembled  cystamine  layer.  (The 
surface  packing  was  indicated  from  the  nearly  complete 
suppression  of  a  ferrocyanide  cyclic  voltammetric  peak; 
not  shown.)  Indeed,  the  response  for  the  100-fold  excess 
of  noncomplementary  DNA  is  only  slightly  larger  than 
that  observed  in  the  absence  of  nucleic  acids  (Fig.  2(a)). 
The  small  background  contribution  (in  the  absence  of 
nucleic  acids)  reflects  the  ‘collection’  of  the  silver  ions  on 
the  short  (19  bp)  probe.  Practical  applications  com¬ 
monly  involve  longer  DNA  target  and  hence  would  lead 
to  smaller  relative  background  contributions.  The  use  of 
neutral  PNA  probes  -  that  do  not  promote  electrostatic 


Fig.  3.  Chronopotentiometric  stripping  responses  for  increasing  con¬ 
centrations  of  the  E908X-WT  complementary  target  in  500  ng/ml  in¬ 
crements  (b-f),  along  with  the  response  in  the  absence  of  the  target  (a). 
Inset  figure  shows  the  calibration  curve.  Conditions  as  in  Fig.  2. 


86 


/  Wang  et  al  /  Electrochemistry  Communications  5  (2003)  83-86 


‘collection’  -  would  eliminate  such  background  signal 
(while  offering  effective  mismatch  discrimination). 

Such  DNA-metallization  based  bioassay  results  in  a 
well-defined  concentration  dependence.  Fig.  3  displays 
typical  chronopotentiograms  for  solutions  containing 
increasing  target  concentrations  in  500  ng/mL  steps  (b- 
f),  along  with  the  response  for  the  blank  solution  (a). 
Well-defined  silver  stripping  peaks  are  observed  in 
connection  to  these  low  target  concentrations.  The  peak 
area  increases  linearly  with  the  target  concentration.  The 
resulting  calibration  plot  (shown  in  the  inset)  is  highly 
linear  over  the  entire  500-2500  ng/ml  range  (slope  of 
1.03  ms  ml/ng;  r  =  0.992).The  response  for  a  250  ng/ml 
target  DNA  solution  indicates  a  low  detection  limit  of 
around  100  ng/ml,  which  corresponds  to  5  ng  in  the  50  pi 
hybridization  solution  (not  shown;  10  min  deposition). 
Such  detection  limit  is  similar  to  that  obtained  in  bio¬ 
assays  based  on  captured  gold  nanoparticle  tags  [4]. 
Further  lowering  of  the  detection  limit  is  expected  in 
connection  to  longer  targets,  longer  hybridization  times 
or  deposition  periods,  via  catalytic  silver  precipitation 
(onto  the  silver  cluster),  or  by  ‘collecting’  the  silver  onto 
multiple  branches  of  a  secondary  dendritic  probe  (of 
sandwich  assays).  A  series  of  six  repetitive  measure¬ 
ments  of  the  1.0  pg/ml  target  solution  was  used  for  es¬ 
timating  the  precision  (not  shown;  conditions,  as  in  Fig. 
2).  This  series  yielded  a  mean  peak  area  of  131  ms  and  a 
relative  standard  deviation  of  24%.  Such  signal  varia¬ 
tions  reflect  the  reproducibility  of  the  surface  modifica¬ 
tion,  hybridization,  silver  ‘collection’/dissolution,  and 
stripping  steps. 


4.  Conclusions 

We  have  demonstrated  for  the  first  time  the  use  of 
DNA  metallization  for  electrochemical  monitoring  of 
DNA  hybridization.  The  new  protocol  couples  the  high 


sensitivity  of  electrochemical  stripping  transduction 
with  an  effective  discrimination  against  excess  of  un¬ 
wanted  constituents.  The  DNA-template  induced  gen¬ 
eration  of  other  metal  tracers  could  found  useful  for 
nucleic  acid  electrical  assays.  We  are  currently  examin¬ 
ing  a  similar  use  of  a  platinum  tracer  in  connection  to 
ultrasensitive  catalytic-adsorptive  stripping  detection. 
Other  improvements  involving  PNA  or  dendritic 
probes,  as  well  as  catalytic  metal  enlargement  are  also 
being  explored. 
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